By co-precipitation inside microemulsion droplets a Cu-based catalyst precursor was prepared with a Cu : Zn : Al ratio of 50 : 17 : 33. A pH-controlled synthesis was applied by simultaneous dosing of metal solution and precipitation agent. This technique allows for continuous operation of the synthesis and enables easy and feasible up-scaling. For comparison conventional co-precipitation was applied with the same composition. Both techniques resulted in phase pure layered double hydroxide precursors and finally (after calcination and reduction) in small Cu nanoparticles (8 nm) and ZnAl 2 O 4 . By applying the microemulsion technique smaller Cu/ZnAl 2 O 4 aggregates with less embedded Cu particles were obtained. The microemulsion product exhibited a higher BET and specific Cu surface area and also a higher absolute catalytic activity in methanol steam reforming. However, the Cu surface area-normalized, intrinsic activity was lower. This observation was related to differences in interactions of Cu metal and oxide phase.
Introduction
The well known Cu/ZnO/Al 2 O 3 catalysts which are used for different industrial syntheses, like methanol synthesis, are obtained by co-precipitation, followed by calcination and reduction. Most active catalysts are prepared from zincian malachite precursors. 1, 2 If aluminium is present in significant amounts (industrially applied Cu : Zn : Al composition: z60 : 30 : 10), the ternary hydrotalcite (layered double hydroxide -LDH) (Cu 1Àx Zn x ) 1Ày Al y (OH) 2 (CO 3 ) y/2 $mH 2 O 3 is usually observed as a by-phase after co-precipitation.
In a previous study we have shown that it is possible to obtain Cu-rich (42-49 mol%) phase pure Cu,Zn,Al hydrotalcite by coprecipitation. 4 During calcination two different kinds of material were formed from the single phase precursors -amorphous areas with a Zn : Al ratio of 1 : 2, characteristic for the spinel-like ZnAl 2 O 4 , and granular areas with well crystalline CuO, which are either depleted in Zn or Al (depending on the precursor composition). In the case of a precursor composition approaching the Zn : Al ratio of 1 : 2 little or no segregation was observed during calcination, suggesting the formation of a CuO/ ZnAl 2 O 4 -type material in which the spinel phase is X-ray amorphous. Such Cu,Zn,Al hydrotalcites are promising catalyst precursor materials as they show a homogeneous distribution of the metallic and oxidic components and very small Cu particles result after reduction. The main characteristic of these catalysts was that the resulting Cu particles were to a large extent not accessible by the reaction gas, as the particles were strongly embedded into the oxidic matrix. A large Cu surface area is, however, a prerequisite for high catalytic performance of Cu/ZnO/Al 2 O 3 catalysts. 5 Furthermore, it is known that in addition to a large Cu surface area also intrinsic factors can affect the surface normalized activity of Cu. 5, 6 We have recently shown that the embedding of Cu nanoparticles in ZnO/Al 2 O 3 may beneficially affect the intrinsic activity of the exposed Cu surface area 7 in methanol synthesis, i.e. the activity or concentration of the active sites on the Cu surface. This effect is probably related to the stabilization of a strained and/or defective form of Cu. Lattice strain 8 and planar defects 9 have been identified in previous studies as indicators for high intrinsic activity of the exposed Cu surface area.
The principle of using microemulsions as ''nano-reactors'' was shown to be a promising approach for the synthesis of nanoparticles in general [10] [11] [12] [13] and of Cu-based catalysts in particular.
14 A microemulsion (ME) is defined as a dispersion of two nonmiscible liquids, e.g. water and oil (typically an organic solvent), and a stabilizing surfactant (more details are given in ESI †). In contrast to classical emulsions, microemulsions are characterized by a small droplet size (5-100 nm) and, hence, belong to colloidal systems. These droplets can be used as confined ''nano-reactors''. This technique has been utilized to synthesize hydrotalcites [15] [16] [17] and was already applied using pH-adjusted microemulsions.
16,18
Herein, we present the ME synthesis of Cu,Zn,Al-LDH by pH-controlled co-precipitation within the ME-droplets using simultaneous dosing of metal salt solution and precipitation agent. Due to the simultaneous addition of all reactants, such synthesis processes can be operated continuously, which allows for easy and feasible up-scaling. Applying the microemulsion technique to the LDH precursor system is supposed to influence the particle growth during the precipitation process. Furthermore, the present study aims to find a compromise to make small Cu particles more accessible to the reactant gas, but still providing improved interaction with the oxide to maintain stability during reaction and a high intrinsic activity -tested in methanol steam reforming (MSR). The nominal composition was chosen to Cu : Zn : Al ¼ 50 : 17 : 33 as a high content of the active phase is desirable and makes the material comparable to industrially used catalysts. Based on our previous study, the Zn : Al ratio of 1 : 2 should result in materials of a homogeneous Cu/ZnAl 2 O 4 microstructure. 4 
Experimental

Materials
Inspired by literature reports 11, 19, 20 the technical non-ionic surfactant Marlipal O13/40 was chosen to apply the microemulsion technique to the synthesis of Cu,Zn,Al-LDH. The surfactant was added to the reaction medium water/cyclohexane. Cyclohexane was supplied by Roth with a purity of 99.9%. Deionized water was taken from a Millipore water treatment system (MilliQ). The used surfactant Marlipal O13/40 (C 21 H 44 O5) is a non-ionic surfactant of the alkyl polyglycolether type with a mean ethoxylation degree of four and was supplied by Sasol (Marl, Germany) with a purity of 98%. The metal nitrates and bases were supplied by different companies with purities around 99% (Cu(NO 3 ) 2 -Roth, Zn(NO 3 ) 2 -Fluka, Al(NO 3 ) 3 -Riedel-de-H€ aen, NaOH -Riedel-de-H€ aen and Na 2 CO 3 -by Roth) and were used without further purification.
Microemulsion synthesis
The water-in-oil microemulsions were prepared by mixing cyclohexane and the surfactant Marlipal O13/40 in a glass flask and adding either water or the salt solution. nitrate solution (Cu : Zn : Al ¼ 50 : 17 : 33, total metal concentration: c(M) ¼ 0.43M) was dosed constantly and the basic microemulsion was dosed to maintain the pH. Like this, the hydrotalcite was formed inside the water droplets. This ME synthesis approach can easily be scaled up by implementing a product overflow and running the co-precipitation continuously. Combined with recycling of the organic solvent, a cheap and controlled ME synthesis is possible. The product of the described ME synthesis was isolated by centrifugation, washing with acetone and drying at 100 C for around 15 h. Upon calcination in air at 330 C for 3 h the blue-green hydrotalcite was converted into the dark green mixed oxide. A reference catalyst was prepared similar as described by Behrens et al. 4 by conventional co-precipitation under analogous conditions -i.e. using the same temperature, concentrations and drying as well as calcination procedure afterwards. The precursor samples are labeled ''X-LDH'', ''X'' being the short form of the synthesis method -''ME'' for the microemulsion sample, ''co'' for the conventionally co-precipitated sample. The calcined samples are labeled ''X-330'', where 330 refers to the calcination temperature in C, and the reduced samples are labeled ''X-red''.
Methods
To determine suitable values for g, a and T, the phase diagrams of all prepared microemulsions were explored by visual observation of the phase boundaries upon gradual change of the temperature (see phase diagrams in ESI Fig. S1 †). The dynamic light scattering (DLS) measurements for droplet and particle size distributions were carried out using a Malvern ZetaSizer NS. The average composition of the precipitates was determined by inductively coupled plasma mass spectrometry (ICP-MS). X-ray diffraction (XRD) patterns were recorded on a STOE Stadi-P diffractometer in transmission geometry using Cu-Ka 1 radiation, a primary Ge monochromator and a 3 linear position sensitive detector. The BET surface areas of precursor and calcined samples were determined by measuring the nitrogen adsorption-desorption isotherms with a Quantachrome Autosorb automatic BET-sorptometer at À196 C with nitrogen as the analysis gas. Prior to the analysis, the samples were outgased for 2 h at 100 C. IR spectra were collected on a FTIR Perkin Elmer 2000 using the KBr disc technique. Thermogravimetric analyses (TG/DSC) were performed on a Netzsch STA449 thermobalance (2 K min À1 , synthetic air). Evolution of the gas phase during reaction was monitored with a quadrupole mass spectrometer (Pfeiffer, QMS200 Omnistar). Calcined samples were reduced in 5 vol% H 2 in Ar at a heating rate of 6 K min À1 (80 mL min
À1
, end temperature 350 C, holding time 30 min) by a temperature programmed reduction (TPR) in a fixed bed reactor (TPDRO-1100, CE instruments). The H 2 consumption was monitored with a thermal conductivity detector. The copper surface area (Cu SA) of the reduced catalysts was determined in the same machine using N 2 O reactive frontal chromatography (N 2 O-RFC).
21 N 2 O oxidizes the Cu metal surface and is decomposed into O 2À and N 2 . The experiments were carried out at 30 C to avoid subsurface oxidation. 22 A stainless-steel micro-reactor was used, which had an inner diameter of 4 mm and was filled with 95 mg of the sieve fraction (100-200 mm). The measurement was started by switching from pure He to 1 vol% N 2 O in He (Westfalen) by means of a four way valve. The amount of evolved N 2 upon decomposition of N 2 O at the Cu(0) surface was monitored with a mass spectrometer (Pfeiffer, QMS Omnistar). The Cu surface area is calculated assuming a molar stoichiometry of Cu(s)/N 2 ¼ 2 and a value of 1.46 Â 10 À19 copper atoms per square meter. 23 SEM images were taken in a Hitachi S-4800 (FEG) system. A Philips CM200FEG microscope operated at 200kV and equipped with a field emission gun and the Gatan imaging filter was used for TEM. The coefficient of spherical aberration was Cs ¼ 1.35 mm. The information limit was better than 0.18nm. High-resolution images with a pixel size of 0.016nm were taken at the magnification of 1'083'000Â with a CCD camera, and selected areas were processed to obtain the power spectra (square of the Fourier transform of the image), which were used for measuring interplanar distances (AE0.5%) and angles (AE0. 5 ) for phase identification. The catalytic activity was tested in the methanol steam reforming reaction (CH 3 OH + H 2 O / CO 2 + 3 H 2 ) within a plug-flow reactor system (PID Eng&Tech, CH 3 OH : H 2 O ¼ 1 : 1) using a GC (CP 4900, Varian, columns: molsieve, PPU) for product analysis. The educt gas mixture contained nitrogen as a carrier gas and helium as an internal standard to calibrate the gas volumes, because unconverted water and methanol were removed prior to the GC using a cooling-trap and a Nafion membrane. A sieve fraction of 100-200 mm of the calcined samples was diluted with 200 mg of inert graphite. Both samples were reduced in hydrogen (12 h at 180 C and 3 h at 260 C) before starting the steam reforming reaction which was carried out at 260 C. Conversion of methanol was calculated using the amount of formed carbon oxides. Selectivity of CO 2 was defined as CO 2 /(CO 2 + CO) À CO was most likely produced by reverse WGS reaction.
Results
Characterization -LDH precursor and calcined sample
The microemulsion product is characterized in comparison to the co-precipitated one. The average composition of both precursors was determined by ICP-MS and was found to be close to the nominal values (Table 1) . Both microemulsion and the conventional co-precipitation result in crystalline materials showing XRD patterns (Fig. 1) (ICSD 37-629) . 24 The basal reflections of ME-LDH are clearly broadened, probably due to thinner platelets than in co-LDH. Furthermore, the (00l) reflections are slightly shifted to higher angles and accordingly lower d values result (see Table 1 ). Such differences could be a consequence of random interstratification, but as the basal series is rational for both materials such random interstratification is not very probable. Furthermore, the observed differences could also result from changes in the interlayer composition (see below). In the SEM images (Fig. 2) it is visible that both products show the typical platelet-like morphology of hydrotalcites, with ME-LDH having a slightly smaller platelet diameter in comparison to co-LDH (see Table 2 ). The obtained platelets are significant larger than the droplet diameter of the applied microemulsion (see ESI †). This deviance is probably due to growth of the LDH platelets after the microemulsion is destroyed by centrifugation but the precipitate is still in its mother liquor. It has to be mentioned that the influence of applying the microemulsion synthesis on the platelet size is not as large as expected. However, the specific surface area is nearly doubled for ME-LDH (BET in Tab. 2, isotherms are presented in ESI †) whereas the platelet diameter is just slightly decreased. Due to the large aspect ratios of the platelets, the specific surface area is mostly determined by basal surfaces, whereas the edges contribute little. Therefore, reducing the diameter of the platelets has only a minor effect on the specific surface area while reducing the thickness has a dramatic effect. This observation is in agreement with the broader XRD reflections of the basal planes. The thermal behaviour of the catalyst precursor samples was investigated by thermogravimetric measurements in synthetic air coupled with mass spectrometry (TG-MS). In general ME-LDH shows the same features of the thermal behaviour as typical for LDH compounds 25 like co-LDH (Fig. 3) : (i) loss of surface water molecules around 70 C, (ii) evaporation of interlamellar water molecules between 100 C and 140 C, (iii) dehydroxylation of the brucite-layer and loss of carbonate of the interlayer space between 140
C and 220 C. The last pronounced step of weight loss can be attributed to the well known, strongly bound (so called) high-temperature carbonate (HT-CO 2À 
)
4,26,27 at 515 C for ME-LDH and 620 C for co-LDH respectively. As already claimed elsewhere, 28 a higher decomposition temperature of HT-CO 2À 3 is an indicator for strong interactions across interfaces and grain boundaries which were formed during the first decomposition step. Accordingly, the lower thermal stability observed for ME-LDH results from a weaker interface contact of the oxidic Cu species with the Zn-Al matrix. The total amount of nitrates is higher in ME-LDH compared to co-LDH, but carbonate was identified as the major anion by XRD (nitrate would give a larger inter-layer spacing 25 ) and by comparison of the integrals of the corresponding MS traces (Fig. 3(a) ). Additionally, the ME-LDH shows an exothermic event at 230 C ( Fig. 3(a) ) which correlates with the formation of CO 2 and H 2 O and can be assigned to the combustion of intercalated organic residues, e.g. acetone from washing -no indication of adsorbed acetone was found in the MS traces. For ME-LDH the MS signal of the interlamellar water loss at 114 C exhibits a significant lower intensity compared to the dehydroxylation step. As the weight loss is, furthermore, similar for both samples, organic molecules are assumed to substitute some water molecules in the interlayer of ME-LDH compared to the amount in co-LDH. By IR spectroscopy this is confirmed (see Fig. 4 ), as the water band of co-LDH at 1650 cm À1 is replaced by a vibrational band at 1550 cm À1 which is assigned to coordinated carbonyl -probably acetone (used for washing before drying) which remained within the interlayer during the drying process. This is also the most likely explanation for the difference in the interlayer spaces observed by XRD. Furthermore, the other peaks of the spectra (570 cm À1 -metal-OH deformation; 1360 cm
À1
, 840 cm À1 -interlayer CO 2À 3 deformation 29 ), all belonging to the LDH compound, show a similar signature for both precursors. All spectra contain a nitrate band at 1385cm À1 which results from co-intercalated nitrate anions in the LDH interlayers as well as impurities of the KBr used for dilution.
According to the TG-MS curve, all organic molecules are finally decomposed at 250 C. As we have shown before, a calcination temperature of 330 C (for 3 h) is suitable to View Online dehydroxylate and decarboxylate the hydrotalcite 4 and is also practicable for the one resulting from microemulsion. During calcination in air at 330 C both products were converted into nearly amorphous, carbonate containing mixed oxides (Fig. 5) as the oxide phases do not crystallize until the decarbonation step at a temperature above 500 C. 4 These transformations were also observed by IR spectroscopy (see Fig. 4 ), where the M-OH band was replaced by the M-O band (510 cm À1 ) and the carbonate band at 1360 cm À1 disappeared, whereas a shoulder at 1480 cm À1 remained or evolved in the case of the ME sample which is assigned to HT-CO 3 . Furthermore, as the carbonyl band cannot be observed in the IR spectrum of ME-330, all remaining organic is, indeed, decomposed during calcination, as expected from TG-MS. ME-330 still shows the higher BET-SA (see Table 2 ), but a significant decrease was observed during the calcination process, whereas the platelet diameter (determined by SEM, Table 2 ) stays nearly constant for both samples. Hence, reduction of the specific surface area during calcination might be caused by an aggregation of the platelets which is supported by an increased inter-particle pore size between the platelets for ME-calc compared to ME-LDH (for details see ESI †). Furthermore, SEM (Fig. 6 ) revealed that both samples maintained their morphology (Table 2 ) during calcination, showing again the similarity of the two materials. After calcination to 700 C a crystalline product results for both samples which only contains CuO and ZnAl 2 O 4 (see Fig. 7 ).
Reduced catalyst
The final Cu/ZnAl 2 O 4 catalysts, labeled as ME-red and co-red, resulted upon reduction of the Cu component of the calcined samples in hydrogen. The TPR profiles of both samples are depicted in Fig. 8 . Both profiles have a similar shape, but the temperature of the maximum reduction rate is significant lower for ME-330, whereas the onset temperature is approximately the same. This observation is an indication for a particle size effect, as ME-330, which is resulting from the calcination of the LDH precursor, exhibits the smaller secondary particles (platy aggregates of CuO nanoparticles and oxide matrix, see platelet diameters in Table 2 ). The similar shape of the TPR profiles shows the similarity of the Cu phases present in both samples. By calibration using crystalline CuO it is possible to calculate the degree of reduction from the hydrogen consumption (ratio of formed Cu(0) to remaining oxidized Cu). Where co-330 is nearly completely reduced (98%), a significant amount of Cu(II) is not reduced for ME-330 (90% reduced). In agreement to our previous study, the TEM images show that the small Cu particles are embedded within the oxide matrix (see Fig. 9 ). Whereas the Cu particles have a similar size of below 8 nm for both samples (see Table 3 and Fig. 10 ), the secondary particles (aggregates of Cu nanoparticles and oxide matrix) appear less bulky for ME-red in accordance with the lower platelet thickness of the ME derived sample (see Fig. S6 in ESI †). The Cu surface area of ME-red, is significantly higher (see Table 3 ) than the one of co-red. Due to the embedding of the Cu particles both catalysts have high interface ratios, i.e. the fraction of Cu particles which is not exposed to the gas atmosphere but present as interface to the oxide phase. This value (Table 3) can be calculated from the experimentally measured Cu surface area and the average Cu particle diameter determined by TEM assuming a spherical shape (formulas given in ESI †). In ME-red a higher fraction of the Cu surface is exposed to gas (compare Table 3 ). Thus, by confining the growth of the LDH precursor particles, the microstructure of the resulting catalyst was modified leading to an increase of the exposed Cu surface area at the expense of interface area.
To compare their catalytic performance both catalysts were measured in methanol steam reforming. The results in Table 4 show a higher activity (hydrogen yield) of ME-red, whereas both catalyst show a similar stability (after 20 h z 69% of the conversion at 2 h) of their performance. The higher activity is attributed to the improved microstructure implied by the application of the ME-technique during precursor preparation. However, the increase of activity of 7% is low in relation to the difference in Cu surface areas of 66%. This result indicates that the intrinsic activity is not constant for a given Cu particle size, but depends heavily on the microstructure of the catalyst. In particular, ME-red exhibits a significantly lower interface ratio than co-red (see Table 3 ). This is in agreement with the weaker interface interaction which was concluded from the lower decomposition temperature of the high-temperature carbonate.
Thus, we assume that the interface interaction with the ZnAl 2 O 4 matrix seems to beneficially affect the exposed Cu surface. A stabilization of a very active form of non-equilibrium copper has been proposed as the reason for an analogous effect in methanol synthesis. 7 The present study suggests that a similar relation also exists for methanol steam reforming, which is formally the inverse methanol synthesis reaction.
Conclusions
We have demonstrated the possibility of applying a pHcontrolled co-precipitation for particle synthesis inside the water droplets of a water-in-oil microemulsion. Simultaneous addition of the reactants enables a continuous process and, thus, feasible up-scaling of this synthesis method. We have used this method to synthesize a Cu,Zn,Al hydrotalcite-based catalyst precursor materials. The BET surface area of the ME products (precursor and calcined one) is significantly higher due to thinner precursor platelets than the ones of the conventionally co-precipitated reference catalyst. Accordingly, the ME product exhibits less bulky secondary particles after calcination and reduction, i.e. aggregates of CuO or Cu nanoparticles and oxide matrix. The homogeneous distribution of all elements in the precursor state, which was observed for both systems, leads to small Cu particles below 8 nm for both samples. The catalyst resulting from ME exhibits indeed the higher Cu surface area, which is attributed to the smaller size of its Cu/ZnAl 2 O 4 aggregates and a lower embedding of the Cu particles. Consequently, the ME product exhibits the higher catalytic activity in methanol steam reforming compared to the co-precipitation product. However, the increase in Cu surface area does not scale with the increase in activity. The lower intrinsic activity of the catalyst resulting from microemulsion indicates that the Cu surface area is not the only influencing parameter to gain high activity, while effects of Cu particle size could be excluded. In case of the microemulsion product the lower intrinsic catalytic activity is attributed to a weaker interface contact of the Cu phase with the Zn-Al matrix. Interface interactions between Cu and the oxide seem to beneficially affect the activity of the Cu particles and the optimal catalyst requires a compromise of exposed surface and interface. Fig. 9 TEM images of reduced samples: (a) ME-red and (b) co-red; Cu 0 -particles appear as dark spots, while the oxidic Zn-Al-oxide matrix is brighter. Fig . 10 Cu particle size distribution after reduction determined from TEM images: (a) ME-red (3863 particles measured) and (b) co-red (1727 particles measured); the average Cu particle sizes are given in Table 3 . 
